A major goal in the study of gene regulation is to untangle the transcription-regulatory networks of Escherichia coli and other 'simple' organisms. To do this we must catalogue the binding sites of all transcription factors. ChIP (chromatin immunoprecipitation), combined with DNA microarray analysis, is a powerful tool that permits global patterns of DNA binding to be measured. Here, we discuss the benefits of this approach and the application of this technique to bacterial systems.
Introduction
Over 250 transcription factors regulate gene expression in Escherichia coli in response to explicit environmental signals. Most factors are operon-specific and regulate the transcription of a small number of genes, while a small number of 'global' regulators, coordinate transcription from a large number of promoters (reviewed in [1] [2] [3] ). A combined aim of molecular and systems biologists is to catalogue the binding sites for each regulatory protein and reconstruct the generegulatory network of the cell in silico. Currently, this is a distant prospect. Precisely defining the targets of each regulatory protein, even in a 'simple' organism such as E. coli, is not a trivial matter. To date, several different approaches have been used to identify the binding sites of transcription factors on a whole-genome scale.
Motif searching
When bacterial genome sequences became available, computational biologists were quick to realize that they could be screened for transcription factor-binding sites. To do this, known DNA-binding sites for a factor of interest are aligned and a PWM (position weight matrix) is generated that describes the preferred DNA sequence content of the target. The genome is then searched for sequences that match the PWM. The first drawback associated with this approach is that it requires the transcription factor to have been partially characterized, making the technique of limited use for the study of 'new' regulatory proteins. A second problem is that such approaches cannot efficiently differentiate real targets from DNA sequences that bear a resemblance to the transcription factor-binding site. Thus predicted targets must be validated experimentally. The motif-searching approach has been applied to all known transcription-regulatory proteins in E. coli and has yielded a useful database that researchers can consult when characterizing regulatory segments of the E. coli genome [4] . However, this approach cannot provide a definitive list of binding targets for any given protein.
Transcriptomics
The advent of DNA microarrays has spawned hundreds of 'transcriptome' analysis experiments, which measure mRNA levels on a chromosome-wide scale. These analyses have been used extensively to find targets for transcription factors by identifying genes whose expression changes when the transcription factor is deleted. This approach has had only limited success. The transcriptional regulatory network in E. coli is extremely complex and many transcription factors regulate the expression of other proteins involved in transcription [5] . As a result of this, deleting a transcription factor often has many secondary effects on gene expression. Further complications can arise if some genes targeted by the transcription factor are not expressed in the conditions of the experiment, or if the transcription factor has only a small effect on transcription that is difficult to detect. Thus, while transcriptomics is useful for studying global patterns of transcription, it is of limited use for defining the regulons of transcription factors, unless used in conjunction with other techniques. For example, if transcriptomics is combined with motif searching, genes not directly regulated by the factor of interest can be discounted [6] .
ChIP-chip
ChIP (chromatin immunoprecipitation) is a powerful method that permits protein-DNA interactions to be measured directly, in vivo, and independently of their consequences on transcription (reviewed in [7] ). Moreover, it requires no prior knowledge of the protein under study. In ChIP experiments, cells are fixed with formaldehyde, resulting in proteins being covalently attached to the DNA sequences at which they are bound. Following cross-linking, cellular nucleoprotein is extracted and sheared into ∼500 bp DNA fragments by sonication. The protein of interest is then immunoprecipitated from the cell debris with an appropriate antibody, along with DNA fragments to which it is crosslinked. Protein-DNA cross-links are then reversed and the isolated DNA fragments are analysed. Segments of the chromosome that were associated with the protein of interest at the moment formaldehyde was added will be enriched in the immunoprecipitated DNA sample.
Several different approaches can be used to analyse the DNA sequences in any sample of immunoprecipitated DNA. For example, if binding of a protein to a known target is being measured, quantitative PCR can be used to determine the level of enrichment of the target site. Note that, in ChIP experiments, as well as isolating known targets for a given protein, other targets bound by the factor will also be precipitated. Thus, by defining the composition of the entire immunoprecipitated DNA sample, one can map the binding of a protein across an entire genome. This is most commonly done by labelling the immunoprecipitated DNA and hybridizing it to a suitable DNA microarray, along with a differently labelled control sample (genomic DNA or DNA from a mock immunoprecipitation). This allows sections of the chromosome enriched in the immunoprecipitate to be identified. This approach is often referred to as ChIPchip and allows measurement of protein-DNA interactions across entire genomes (Figure 1) [8, 9] . The principal benefit of ChIP-chip is the ability to detect protein-DNA interactions directly, regardless of their effects on transcription. This means that problems due to indirect effects of a transcription factor are avoided. Moreover, targets adjacent to poorly transcribed genes, or genes where the transcription factor has only small effects, generate easily measurable signals. ChIPchip can be applied to uncharacterized factors, for which no biological role has been found, and used to rapidly determine their DNA binding properties.
Laub et al. [10] first demonstrated that ChIP-chip could be used to study DNA binding proteins in bacteria with their study of the Caulobacter crescentus cell-cycle regulator CtrA. More recent studies have shown that ChIP-chip can be used to measure chromosome-wide DNA binding by other sequence-specific transcription factors in other bacteria: Fur in Helicobacter pylori [11] , CodY, Spo0A and SpoIIID in Bacillus subtilis [12] [13] [14] and MelR, protein FNR, CRP, NsrR and LexA in E. coli [15] [16] [17] [18] [19] .
Support techniques

Epitope tagging
To date, most applications of ChIP-chip to bacterial systems have focused on well-characterized transcription factors for which purification protocols have been established, facilitating the production of antibodies for use in immunoprecipitation. However, the focus is now turning towards the vast number of completely uncharacterized transcription factors. To avoid problems and time-consuming protocols associated with purifying each of these proteins in turn and raising antibodies, novel genome-engineering techniques can be exploited. For example, any gene can be tagged with a segment of DNA encoding an epitope for which antibodies are available commercially. ChIP-chip experiments can then be run on strains carrying the tags to determine the binding locations of the tagged proteins [16, 18, 20] .
Bioinformatics
ChIP-chip does not simply provide lists of targets for a given transcription factor and a wealth of information can be extracted from ChIP-chip datasets. For example, ChIP-chip can be used to rapidly define the preferred base sequence of DNA binding targets for uncharacterized proteins (outlined in Figure 2 ). To do this, DNA sequences corresponding to the immunoprecipitated targets are screened with web-based programs such as BioProspector (http://ai.stanford.edu/∼xsliu/BioProspector) [21] , which searches for overrepresented DNA sequence elements (i.e. the binding target of the transcription factor being studied). The DNA elements identified can then be aligned and used to generate a DNA sequence logo, describing the information content of the transcription factor-binding site (http://weblogo.berkeley.edu/).
RNA polymerase-omics
In order to study bacterial transcription and its regulation on a global scale, it is important to measure binding, and changes in the binding, of the transcriptional machinery, RNA polymerase. Typically, the chromosomal location of RNA polymerase is inferred by studying global mRNA levels by using a DNA microarray-based transcriptome analysis (described above). A useful alternative to transcriptomics is to measure chromosome-wide DNA binding by RNA polymerase in ChIP-chip experiments [17] . Thus the binding of RNA polymerase is measured directly, rather than inferred, avoiding problems associated with transcript stability. This approach also permits the location of the transcriptional machinery to be determined in cells where transcription has been shut down, which can reveal an important phenomenon. For instance, Figure 3 shows results from ChIP-chip experiments done to measure RNA polymerase binding in Figure 2 Extracting DNA sequence motifs for transcription factor-binding sites from ChIP-chip data cells that have been treated with the antibiotic rifampicin, which causes RNA polymerase to become trapped at promoter DNA. RNA polymerase binding was observed not only at known promoters ( Figure 3A ), but also within operons ( Figure 3B ) and between convergently transcribed genes ( Figure 3C ).
Conclusions
New genomic technologies mean that cataloguing all targets for global regulators of transcription is now an achievable goal. As well as determining the regulatory role of each transcription factor, the data generated from such experiments will be particularly useful to systems biologists who are modelling the regulatory networks of E. coli and other bacteria. It is important to note that, despite our increasing tendency to study transcription on a global scale, we still do not understand the molecular details of transcription regulation by most factors at most promoters in E. coli. Moreover, in less well-studied bacteria, and many higher organisms, there is a complete lack of such information. Thus future research on the function of transcriptional regulators is likely to be targeted at both their global role as well as the fine molecular details of their action.
